Nine moderately alkalitolerant thermophilic bacteria with similar properties were isolated from water and soil samples obtained from Yellowstone National Park. These Gram-type-positive, rod-shaped bacteria produce cells with primary branches. The cells are peritrichous and exhibit only slight tumbling motility. At 60°C the pH range for growth is 6.9 to 10.3, and the optimum pH is 8.5. At pH 8.5 the temperature range for growth is 34 to 66OC, with an optimum temperature of 57OC. The strains are mainly proteolytic. The fermentation products from yeast extract are acetate, C02, and H,. Fumarate added to minimal medium containing yeast extract is stoichiometrically converted to succinate, indicating that it is used as an alternative electron acceptor. The DNA G+C content is 33 to 34 mol%. On the basis of its unique properties, such as branch formation, growth at alkaline pH values at elevated temperatures, and the relative distance of its 16s rRNA sequence from those of other known bacteria, we propose that strain JWIYL-l3ST (T = type strain) and eight similar strains represent a new genus and species, Anaerobrancu horikoshii. Strain JWW-138 is designated the type strain of the type species, A. horikoshii, which was named in honor of Koki Horikoshi, a pioneer in the field of alkaliphilic bacteria.
There has been increasing interest in alkaliphilic bacteria in recent years. The reasons for this include potential industrial applications that require enzymes that are stable at a high pH values (pH 9.5 and above) and at temperatures above 50°C (10, 11, 20, 30) . These applications include the use of proteases and xylanases for a nonchlorine bleaching process in the pulp and paper industry. Alkaliphilic bacteria have been isolated from a variety of environments. Most of these isolates, including Bacillus alcalophilus (39, belong to the genus Bacillus, and the optimum pH values of these organisms are between 10 and 11.5. Thus, most of the current information concerning alkaliphiles and pH-stable industrial enzymes has been obtained through studies of these aerobic organisms (11, 14, 15) . Among the anaerobes, many of the alkalitolerant organisms that have been isolated are Archaea (20) . These include methanogens such as Methanobacterium alcaliphilum (42), Methanobacterium arbophilicum (43) , and Methanococcus vannielii (33), which have optimum pH values ranging from 7.0 to 9.0, and halophilic methanogens such as Methanohalophilus zhilinae, which has the highest optimum pH reported for a member of the Archaea (pH 9.2) (23). Very little is known about the anaerobic alkalitolerant (eu)bacteria, which include one unnamed anaerobe (31) and four unnamed halophilic mesophiles that grow at pH values between 6.5 and 10.0 (20) . One facultative anaerobe, Amphibacilhs xylanus, which grows at pH values between 8.0 and 10.0 (25), has also been described.
Only a few of the known alkaliphiles are also (moderate) thermophiles. The highest recorded growth temperature for an aerobic alkaliphilic Bacillus strain is 57°C (11) . Among the Archaea, Methanobacterium thermoalcaliphilum has an optimum temperature of 58 to 62°C and grows optimally at pH values ranging from 7.5 to 8.5 (4). Recently, we described the isolation of two alkaliphilic, thermophilic, obligately anaerobic (eulbacteria, Clostridium paradoxum and Clostridium thermoalcaliphilum, both of which grow optimally at pH values around 9.0 to 9.5 at 55 and 50°C (5a) . Both of these species were MATERIALS AND METHODS Sample collection. In May 1990, water and soil samples were taken from different unnamed pools in Yellowstone National Park in the area behind the Old Faithful Hotel and the Ranger Station (Table 1) . The samples were collected by completely filling 100-ml sterile bottles and then were brought back at ambient temperature to our laboratory in Athens, Ga.
Isolation and culture conditions. The initial enrichment and isolation were carried out at 60°C by using medium M-5, which contained 3.7 mM KH,PO,, 11.6 mM Na2HP04 7H@, 13.4 mM KCI, 3.8 mM (NH),S04, 9.3 mM NH,CI, 0.2 mM MgCl, -6H20, 0.3 mM CaCl, * H,O, 0.3% (wtlvol) yeast extract, 0.1% (wthrol) skim milk, 5.0 ml of a trace element solution (9) per liter, 0.5 ml of a vitamin solution (9) per liter, and 10 ml of a reducing solution (1.25 g of Na,S, per 100 ml and 1.25 g of cysteic acid per 100 ml) per liter. Solid media contained 2.2% (wthol) agar (Difco Laboratories, Detroit, Mich.). The pH was adjusted to 9.0.
The samples were inoculated into medium M-5 and incubated for 3 to 7 days, The cultures were then serially diluted and used to inoculate agar roll tubes containing medium M-7 solidified with 2% agar and having 02-free nitrogen as the headspace gas. Medium M-7 contained 0.7 mM KH2P04, 9.3 mM Na2HP04 * 7HZ0, 1.3 mM KC1,8.5 mM NaCl, 0.2 mM MgCl, -6H20, 47.2 mM Na,C03, 0.5% (wthol) yeast extract, 0.3% (wt/vol) peptone, 0.3% (wt/vol) tryptone, and vitamins, trace elements, and reducing agent as in medium M-5. The roll tubes were incubated at 60°C for 3 to 7 days until colonies appeared. Colonies were picked, transferred to liquid medium, and used to inoculate additional serial dilutions for additional agar roll tubes. Several rounds of isolating single colonies were carried out to ensure the purity of the strains.
Light and electron microscopy. Light microscopy was done with a model PM-1OAD phase-contrast microscope (Olympus Optical Co., Ltd., Tokyo, Japan). Transmission electron microscopy was performed with a model JEM-100 CXII electron microscope (JEOL, Tokyo, Japan). The methods of Valentine et al. (34) and Beuscher et al. (2) were used for negative staining. Samples for ultrathin sectioning were prepared by using uranyl acetate and lead citrate for poststaining as described previously (8, 13, 32) . pH and temperature ranges for growth. The pH and temperature ranges for growth were determined by using medium M-7 containing 0.5% (wt/vol) yeast extract as the carbon source. Peptone and tryptone were omitted for the temperature studies. The pH values used ranged from 6.0 to 11.0 and were measured at 60°C with a model 825-MP pH meter (Fisher Scientific, Pittsburgh, Pa.) calibrated at 60°C and equipped with a combination pH electrode (Sensor, Staton, Calif.) and a Fisher Scientific temperature probe. The liquid cultures were inoculated (2%) with cells grown at pH 8.5 and were incubated at 60°C. The a All strains were positive for the following characteristics: indole production, arginine utilization, and arginine aminopeptidase and alanine aminopeptidase activities. All strains were negative for the following characteristics: N-acetyl-P-glucosaminidase, a-arabinosidase, a-fucosidase, P-galactosidase, and proline aminopeptidase activities and catalase production.
Pool from which the strain was isolated.
' Results obtained under anaerobic conditions (results obtained under aerobic conditions). +, positive; -, negative; +/-, weakly positive.
pH was kept constant (20.1 pH unit) by periodically adding 1 N NaOH. A temperature gradient incubator (Scientific Industries, Inc., Bohemia, N.Y.) set with a gradient ranging from 30 to 70.5"C was used to determine the temperature range for growth. The cultures were inoculated (2%, vol/vol) with cells grown at 60°C and were incubated at pH 8.5. The optimum pH for JW/YL-138T (T = type strain) was corroborated by measuring growth in a 100-ml pH-and temperaturecontrolled fermentor (Glass Shop, University of Georgia). Substrate utilization. Modified medium M-5 was used to determine the substrate spectrum. This medium contained 3.7 mM KH2P04, 21.8 mM Na,HP04, 6.6 mM KCl, 0.5% (wt/vol) yeast extract, 5.0 ml of the trace element solution per liter, 0.5 ml of the vitamin solution per liter, 10 ml of the reducing solution per liter, and 0.5 to 1.0% (wt/vol) substrate. The cultures containing added substrate were inoculated (2%) with 12-h cultures grown in medium M-5 that did not contain added substrate. They were incubated at pH 8.5 and 60°C for approximately 48 h, during which the optical densities and changes in pH were monitored. Because of low culture densities (optical density at 600 nm, <0.3), cultures in which increases in optical density values of more than 0.05 U were accompanied by decreases in the pH, compared with control cultures containing no substrate supplements, were considered positive for substrate utilization.
Fermentation products. The fermentation products were analyzed by using modified medium M-5 (see above) containing 0.5% (wt/vol) yeast extract with and without 6 mM fumarate as substrate. The cultures were incubated at pH 8.5 and 60°C. Volatile and nonvolatile fatty acids were analyzed by gas chromatography by using a model 5880A gas chromatograph (Hewlett-Packard, Palo Alto, Calif.) equipped with a Chromosorb WAW 10% sp-100 glass column (Supelco, Inc., Bellefonte, Pa.) and a flame ionization detector (39). Production of H, and COa was analyzed by gas chromatography by using a chromatograph (Varian, Walnut Creek, Calif.) equipped with a Porapak Q 801100-mesh column (Supelco) and a thermal conductivity detector (19) . Glucose and acetate contents were determined by performing enzymatic assays (catalog no. 139106 and 148261, respectively; Boehringer GmbH, Mannheim, Germany).
DNA isolation and determination of G+C content. DNA was isolated from cells in the exponential growth phase by the method of Ausubel et al. (1) by using CsCl gradient ultracentrifugation. The DNA was enzymatically digested, and the guanine-plus-cytosine (G+C) content was determined by high-performance liquid chromatography separation of the nucleosides as described by Whitman et al. (38) and Mesbah et al. (24) .
16s rRNA sequence analysis. 165 rRNAs were isolated from strains JW/YL-13gT and JWNL-268 by a previously described procedure (22, 41) . The dideoxynucleotide chain termination method (3, 28) adapted for direct rRNA sequencing with reverse transcriptase (16) was used. Synthesized strands were labeled by including [~t-~~S]-,thio-dATF' (3). A standard set of primers (usually eight) specific for (eu)bactenal 16s rRNAs (3, 16, 37) was used routinely. All of the sequences were >90% complete. The sequences were aligned by using sequence editor ae2 (C. R. Woese, University of Illinois) with the sequences of a representative collection of (eu)bacterial 16s rRNAs. Corrected pairwise distances (expressed as estimated number of changes per 100 nucleotides) were computed from the percentages of similarity by using the Jukes-Cantor correction (12) as modified by Olsen et al. (27) to accommodate the actual nucleotide ratios. Dendrograms were constructed from evolutionary distance matrices by using the algorithm of De Soete (6), and the reduced dendrogram shown in Fig.  1 was produced. The rRNA sequence of A. horikoshii (strains JW/YL-13gT and JW/YL-268) was located phylogenetically by using the publically available maximum-likelihood analysis method (26) Project at the University of Illinois (21); this function allows a user-submitted sequence to be introduced into the precalculated Ribosomal Database Project maximum-likelihood tree (data not shown). The taxa used in the latter analysis were chosen (iteratively) to be representative of all species or genera in the phylogenetic vicinity of the A. horikoshii lineage. The sequences were chosen from the set of all rRNA sequences available in the major public databases (40).
Nucleotide sequence accession number. The GenBank accession number for the 16s rRNA sequence of type strain JW/YL-138 is U21809.
RESULTS AND DISCUSSION
Isolation and preliminary characterization. Several strains were isolated from Yellowstone National Park samples as described in Materials and Methods. The enrichment cultures contained yeast extract and skim milk to select for organisms that produce extracellular alkali-stable proteases. Nine different strains were isolated from hot spring samples with pH values ranging from slightly acidic to alkaline (Table 1) . The highest measured temperatures of the various pools sampled ranged from 50 to 92°C (Table 1) ; the samples used, however, were collected as composite samples consisting of water and sediment from various parts of each pool. The cellular proteins of seven of the nine strains isolated were extracted and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (data not shown). The similar band patterns on the gel, which differed only slightly, and the small differences in cell morphology and substrate utilization (Table 1) suggested that the nine isolates were different strains of the same species. All of the isolates produced proteases, but none of them were EDTA resistant, indicating that the proteases are probably metalloenzymes (data not shown). Strains JW/YL-13gT and JWEL-268 were chosen for further characterization.
Phylogeny. The tree in Fig. 1 is the result of a least-squares analysis (6) based on the evolutionary distance matrix shown in Table 2 (see Materials and Methods). The 16s rRNA se-quences of strains JW/YL-138T and JWiYL-268 (A. horikoshii) were also located phylogenetically by using the publically available maximum-likelihood analysis method (26) offered by the Ribosomal Database Project at the University of Illinois (21). Although the distance tree in Fig. 1 and the maximum-likelihood tree did not agree completely, they are very similar in topology, and both permit the following conclusions regarding A. horikoshii: (i) this organism has no known close relatives among the previously described bacteria (and therefore represents a novel genus), and (ii) it belongs to the large subgroup consisting of low-G+ C-content Gram-type-positive bacteria. The most closely related organisms are Moorella themoacetica (basonym, Clostridium themzoaceticum) (relative distance, 14.0%), Clostridium thermocellum (relative distance, 15.8%), Thermoanaerobacterium thermosulfirigenes (relative distance, 16.5%), and Clostridium purinolyticum (relative distance, 16.8%) ( Fig. 1 and Table 2 ). Relative distances of more than 8 to 10% are regarded as distances that permit placing bacteria (which are related to species in the presently ill-defined genus Clostridium) into separate genera as long as this placement is consistent with physiological data (lla). In the future, only species that cluster around the type species of the genus Clostridium, Clostridium butyricurn, and produce butyrate as the major fermentation product will remain members of the genus Clostridium. The relative distance between the 16s rRNA sequences of strains JW/YL-138T and JW/YL-268 and the sequences of all of the other bacteria analyzed, especially the clostridial species clustering in the tree around type species C. butyricum (5a), justify the creation of a new genus. Therefore, on the basis of the morphological and physiological differences observed (see below) (Table 3 ) and the 16s rRNA se uence JWEL-268 and similar isolates members of a novel species in data described above, we consider strains JW/YL-138 9r and a novel genus, for which we propose the name Anaerobranca.
On the basis of the high level of similarity of the sequences of strains JW/YL-138T and JW/YL-268 and the physiological data and protein patterns, all of the isolates which we studied were included in one species, A. horikoshii.
Habitat. So far, all A. horikoshii strains have been isolated only from hot springs in the Old Faithful Hotel area (behind the Ranger Station) in Yellowstone National Park. Using the enrichment procedures described above or very similar enrichment procedures, we obtained no similar isolates from hot springs in Iceland, New Zealand, Italy, and other parts of the United States (including other hot springs in Yellowstone National Park) or from man-made thermobiotic environments, such as sewage sludge, compost, and manure piles.
Colony and cell morphology. The colonies of JW/YL-138T on agar surfaces are white and circular, and the colonies inside agar are lens shaped. The cells are rod shaped in all growth phases in both liquid cultures and solid cultures. The rods range from 8.0 to 22 pm long and from 0.50 to 0.65 pm wide (Table 1 and Fig. 2) . The average length of the cells is longer in the stationary growth phase than in the exponential growth phase ( Fig. 2A to D) . The cells exhibit a low frequency (between 1.0 and 10.0%) of primary branch formation (Fig. 2 and  3) . The extent or frequency of branch formation is not noticeably affected by pH, temperature, or nutrient conditions, such as the absence or presence of tryptone, peptone, sugars, or various concentrations of yeast extract. Such branch formation has not been observed in any other obligately anaerobic bacterium.
The cells are peritrichous. Some strains, including the type strain, exhibit tumbling motility when they are grown in the presence of low yeast extract concentrations (0.01%, wt/vol).
Strain JW/YL-138T has not been observed to produce spores when it is grown in liquid medium or on solid medium, including medium containing limiting nutrient concentrations, or in the presence of nonutilized sugars. Spores have not been observed in any other strain of this species.
The cells stain gram positive in both the exponential and stationary growth phases. A n ultrathin-section electron micrograph also revealed a Gram-type-positive cell wall (Fig. 3) .
This finding is consistent with the results of the 16s rRNA sequencing study which placed the organism in the Gram-typepositive Clostridium-Bacillus subphylum.
Physiological characterization. (i) Growth requirements. Strain JW/YL-138T requires anaerobic conditions for growth. Growth does not occur in oxidized medium, as indicated by the pink color of resazurin. Growth does occur, however, when cells are inoculated into anaerobic medium after the cells have been exposed to aerobic conditions for up to 12 h at 25 and 60"C, indicating that the cells are not sensitive to oxygen under nongrowth conditions. Yeast extract is required for growth and can be used as the sole carbon source. Peptone and tryptone (0.2% each) can be used as substitutes for yeast extract, but addition of these compounds does not enhance the growth of JW/YL-138T in the presence of 0.2% yeast extract.
(ii) pH and temperature ranges for growth. The temperature range for growth of JW/YL-138T at pH 8.5 is from greater than 34 to less than 66"C, with an optimum temperature of 57°C (Fig. 4B) . The pH range for growth at 60°C is from greater than 6.7 to less than 10.3, with an optimum pH of 8.5 (Fig. 4A) . The pH and temperature ranges for growth of all of the isolates are shown in Table 2 .
(iii) Substrate utilization and fermentation products. The species is mainly proteolytic and is able to grow in the presence of 0.5% (wt/vol) yeast extract as a sole carbon source. Most strains, including JW/YL-138T, utilize fumarate in the presence of yeast extract (the concentrations tested were 0,0.5, and 1.0% [wt/vol] The fermentation products produced by JW/YL-138T from yeast extract are acetate, CO,, and H,. Fumarate (12 mM) is reduced to succinate in a ratio of approximately 1:1, indicating that fumarate is used as an alternative electron acceptor for electrons generated during utilization of components in yeast extract (Table 4 ). In the absence of fumarate, however, growth of JW/YL-138T is inhibited if medium containing 0.5% yeast INT. J. SYST. BACTERIOL. extract is supplemented with succinate at concentrations of more than 3 mM.
Biochemical characterization. (i) Dissimilatory sulfate reduction. There is no dissimilatory sulfate reduction activity when JW/YL-138T and JW/YL-268 are grown in the presence of sulfate and glucose, acetate, or lactate as electron acceptors.
(ii) API An-Ident tests. API An-Ident tests were carried out under both aerobic and anaerobic conditions, which generated slightly different results (Table 1) . In contrast to the aerobic incubation results, when JW/YL-138= was tested under anaerobic conditions, the tests for pyroglutamic acid arylamidase and phenylalanine aminopeptidase activities were positive and the tests for a-glucosidase, P-glucosidase, and a-galactosidase activities were negative.
(iii) DNA G+C contents. The DNA G+C contents of the nine isolates range from 33 to 34 mol% ( Table 1) C. thennocellurn [36] and T. thermosulfurigenes [ 171, respectively, are positive for this characteristic). In addition, A. horikoshii is not a homoacetogen like Moorella thermoaceticu (4) and is not purinolytic like C. purinolyticum (9) . The new isolates do not utilize thiosulfate and do not produce elemental sulfur, a main characteristic of the genus Themzoanaerobacterium (17; unpublished data). The closely related bacteria include spore-forming and non-spore-forming species, demonstrating again that spore formation cannot be regarded as a conservative phylogenetic marker. The strains placed in the new species A . horikoshii grow at more alkaline pH values than the species mentioned above and most other anaerobic bacteria. The other alkaline anaerobic bacteria, such as C. paradoxum and C. thernzoalcaliphilurn, are phylogenetically even more distantly related than the organisms mentioned above. On the basis of this analysis, we concluded that the new isolates should be placed in a new genus, for which we propose the name Anaerobranca. On the basis of the high level of similarity of the 16s RNA sequences of two strains, the physiological data, and the cellular protein patterns, all of the isolates are placed in one species, A . horikoshii.
Description of the genus Anaerobranca gen. nov. Anaerobranca (An.ae.ro.bran'ca. Gr. pref. an, not; Gr. n. aer, air; M. L. fem. n. branca, claw, paw, the root of the English word branch, an armlike part diverging from a main axis; N. L. n. Anaerobranca, referring to the branched cell shape of this obligately anaerobic organism). The cells are Gram reaction and Gram type positive and are generally rod shaped, but some cells form primary branches. Anaerobranca strains are obligately anaerobic, heterotrophic, and proteolytic thermophiles that grow at moderately alkaline pH values. The DNA G+C content is between 33 and 34 mol%. A. horikoshii is the type and so far only species in this genus.
Description of Anaerobranca horikoshii sp. nov. Anaerobranca horikoshii (h0r.i.kosh'i.i. N. L. gen. n. horikoshii, of Horikoshi, in honor of Koki Horikoshi, a pioneer in the study of the microbiology of alkaliphilic bacteria). The rod-shaped cells, which are 8 to 22 pm long and 0.5 to 0.65 pm in diameter, form one to three branches at a frequency of 1 to lo%, and these branches can form daughter cells by restriction. The cells are peritrichous and, during growth in low-nutrient medium (e.g., medium containing less than 0.1% yeast extract), exhibit slight tumbling motility. Spores have not been detected. Chemoorganotrophic and mainly proteolytic. Yeast extract is required for growth and can be used as the sole carbon source. During growth on yeast extract, if fumarate is added, it is reduced stoichiometrically to succinate. All isolates are moderately alkaliphilic thermophiles. The temperature range for growth is 30 to 66"C, with an optimum temperature of 57"C, and the pH range for growth is 6.5 to 10.3, with an optimum pH of 8.5. The DNA base composition is 33 to 34 mol% G+C. 16s rRNA analysis data place this organism in the Gram-typepositive Clostridium-Bacillus subphylum, but there are no closely related species (i.e., species whose relative distance is less than 10%). Strain JW/YL-138 (= DSM 9786) is the type strain of A. horikushii and has a G+C content of 34 mol%. Its pH range for growth is from greater than 6.7 to less than 10.3 (60°C). Its temperature range for growth is from greater than 34 to less than 64°C. The cells are 0.5 to 0.6 pm wide and 11 to 20 p,m long. Fumarate is reduced to succinate in the presence of yeast extract as a growth substrate. 
On

